Abstract
Introduction
Development of neural progenitor cells, i.e. neuroblasts and sensory organ mother cells (SMCs) in Drosophila, requires a complex network of interlinked functions mediated by the products of proneural and neurogenic genes (for reviews see Campos-Ortega, 1993; . The best studied proneural genes are the four genes of the achaete-scute complex (AS-C) (Muller and Prokofjeva, 1935; Garcia-Bellido, 1979; Ghysen and Dambly-Chaudière, 1988) , which encode transcription factors of the bHLH family (Villares and Cabrera, 1987; Alonso and Cabrera, 1988; González et al., 1989) . Two of these genes, achaete and scute, are required for specification of the progenitor cells of external sensory organs; lethal of scute is required for specification of central neural progenitor cells and is dispensable for sensory organ development (GarciaBellido and Santamaria, 1978; CamposOrtega, 1979, 1987; White, 1980; , whereas the fourth gene of the complex, asense, is required for maintenance of the neural pathway in general (Dambly-Chaudière and Ghysen, 1987; Dominguez and Campuzano, 1993) . A fifth proneural gene, atonal, which also encodes a bHLH protein, is required for development of the progenitor cells of chordotonal organs and for specification of the R8 photoreceptor cells (Jarman et al., , 1994 . In vitro experiments suggest that the proteins encoded by the AS-C genes function as heterodimers with another, ubiquitously distributed bHLH protein, encoded by daughterless (Caudy et al., 1988a,b; Cronmiller et al., 1988; Murre et al., 1989b; Cabrera and Alonso, 1991; Cronmiller and Cummings, 1993; van Doren et al., 1994; Oellers et al., 1994) . In the neuroectoderm and the developing epidermis, the AS-C genes are expressed in cell clusters Romani et al., 1987; Cabrera, 1990; Martín-Bermudo et al., 1991) , called proneural clusters (Ghysen and Dambly-Chaudière, 1989; Romani et al., 1989) . Genetic data suggest that the amounts and activity of proneural gene products decide the neural or epidermal fate of each cell in the proneural clusters. This decision process is controlled by lateral inhibition mediated by the neurogenic genes. Their products serve to pass signals between cells, which ultimately restrict neural competence, and pro-neural gene expression, to individual cells within the proneural clusters. In neurogenic mutants, in which lateral inhibition is perturbed, expression of achaete, scute and lethal of scute does not become restricted to individual cells, but persists in all cells of the proneural cluster (Brand and Campos-Ortega, 1988; Cabrera, 1990; Skeath et al., 1994; RuizGómez and Ghysen, 1993; Martín-Bermudo et al., 1995) . The neurogenic genes can be ordered in an epistatic chain whose last link is the Enhancer of split complex [E(spl)-C] (de la Concha et al., 1988; Lieber et al., 1993) . Notch, Suppressor of Hairless [Su(H) ] and the E(spl)-C participate in the reception and processing of the regulatory signals, whereas Delta acts as the source of these signals (Technau and Campos-Ortega, 1987; Heitzler and Simpson, 1991; Lieber et al., 1993; Rebay et al., 1993; Struhl et al., 1993; Bailey and Posakony, 1995; Lecourtois and Schweissguth, 1995) . The genes of the E(spl)-C encode transcription factors of the bHLH family (Klämbt et al., 1989; Delidakis and Artavanis-Tsakonas, 1992; Knust et al., 1992) , which upon Notch-mediated activation (Jennings et al., 1994; Bailey and Posakony, 1995; Lecourtois and Schweissguth, 1995) suppress the activity of the proneural genes (Oellers et al., 1994; van Doren et al., 1994; Singson et al., 1994; Tata and Hartley, 1995; Heitzler et al., 1996; Nakao and CamposOrtega, 1996) .
A role for the AS-C genes during commitment of neuroblasts and SMCs in Drosophila embryogenesis is suggested by three observations. First, perturbance of lateral inhibition leads to misexpression of AS-C genes and all the neuroectodermal cells (Campos-Ortega and Haenlin, 1992) , and most of the embryonic epidermal cells (Hartenstein and Campos-Ortega, 1986; Goriely et al., 1991) take on neural fate. Second, loss of AS-C functions leads to the loss of about 25% of the neuroblast complement. Third, the presence in the genome of additional copies of the wildtype AS-C is associated with weak neurogenic phenotypes (Jiménez and Campos-Ortega, 1990) . Furthermore, scute, lethal of scute and asense are each capable of inducing ectopic development of imaginal SMCs (Rodríguez et al., 1990; Dominguez and Campuzano, 1993; Hinz et al., 1994) . However, studies on the effects of ectopic expression of these genes during embryogenesis in Drosophila are lacking. Vertebrate homologs of the proneural genes of the AS-C have been cloned from zebrafish (Allende and Weinberg, 1994) , Xenopus (Ferreiro et al., 1993; Zimmerman et al., 1993) , and rat (Johnson et al., 1990) . Proneural activities have been described for some of these proteins following mRNA injections into developing embryos (Ferreiro et al., 1994; Lee et al., 1995; Chitnis et al., 1995) .
We have sought to obtain more compelling evidence for the proneural function of the Drosophila AS-C genes during embryogenesis by expressing these genes ectopically. We have used the Gal4 system (Fischer et al., 1988; Brand and Perrimon, 1993 ) with a variety of activator lines that efficiently activate transcription from blastoderm stages on (Hinz et al., 1994; Wodarz et al., 1995; Nakao and Campos-Ortega, 1996) . We find that Gal4-mediated expression of lethal of scute is not sufficient to promote the development of ectopic nerve cells, although it causes defects in internal sensory organs, frequently associated with activation of cut in these cells. However, overexpression of daughterless leads to expression of neural-specific antigens in cells at various ectopic positions, i.e. in the amnioserosa and the hindgut region. This effect is enhanced by coexpression of either lethal of scute or scute. Moreover, we find that under these circumstances proctodeal cells acquire the potential to develop as neuroblasts following transplantation into the neuroectoderm. Nevertheless, even the coexpression of daughterless and lethal of scute is incapable of inducing the development of additional neuroblasts or SMCs in the neuroectoderm. Only when the efficacy of lateral inhibition is reduced does the combination of daughterless and lethal of scute cause the commitment of supernumerary ectodermal cells to neural fate. We show finally that lateral inhibition is effectively dominant over excess proneural function.
Results

Expression of the bHLH domain of lethal of scute compensates for loss of AS-C function
To test whether functional Lethal of Scute protein is present in embryos expressing UAS-lethal of scute effectors (Hinz et al., 1994) using daG32 (Wodarz et al., 1995) , a ubiquitous activator expressed from stage 6 on (Nakao and Campos-Ortega, 1996) , we established strains homozygous for daG32 and carrying the deficiency Df(1)260-1. This deficiency deletes all four genes of the AS-C; the ventral cord of hemizygous embryos is strongly fragmented and all external sensory organs of the trunk are missing (Fig. 1C,D ) (Garcia-Bellido, 1979; Campos-Ortega, 1979, 1987; White, 1980; Dambly-Chaudière and Ghysen, 1987) . Females of the Df(1)260-1; daG32 strain were crossed with males homozygous for any of several UAS-lethal of scute effector strains. All lethal of scute variants tested produced the same effects, provided that the coding sequences for the bHLH domain were present. The embryonic progeny showed a strong reduction in neural hypoplasia, both in the CNS and the PNS (Fig. 1E,F) . Thus, the phenotype of Df(1)260-1 is partially rescued by Gal4-mediated expression of one exogenous copy of the lethal of scute bHLH domain.
Ectopic expression of lethal of scute variants during embryonic development causes defects in chordotonal organs
Ectopic expression of wildtype UAS-lethal of scute effectors using daG32 leads to embryonic lethality. We used a variety of lethal of scute variants (Hinz et al., 1994) and all those that retain the bHLH domain have the same effects. Hence, in this particular assay the bHLH domain is both necessary and sufficient for the function of the Lethal of Scute protein (Hinz et al., 1994) . The intensity of the effects apparently depended on the amount of each variant expressed, as the defects became more severe when the number of effector inserts was increased or when stronger activators were used. Mild patterning defects were observed in embryonic sensory organs. Chordotonal organs were frequently misplaced and individual scolopidia were missing in positions in which they normally occur; cells of chordotonal organs were often rounded and the parallel alignment of scolopidia was disturbed ( Fig. 2A-C ). In the wild-type, Suppressor of Hairless [Su(H)] is normally expressed by the tormogen cells of the external sensory organs (Gho et al., 1996) . Following Gal4-mediated expression of lethal of scute, the number of Su(H)-expressing cells was slightly increased, by 1-2 cells per hemisegment ( Fig. 2D-F ). In addition, we find that some of the cells within chordotonal organs express cut, expression of which is normally restricted to external sensory organs ( Fig. 2G-I ). However, no CNS defects were detected. The failure to find supernumerary neural cells, or even any detectable defects in the embryonic CNS, upon ectopic expression of lethal of scute is a surprising result, since Gal4-mediated expression of lethal of scute causes the appearance of abundant ectopic and supernumerary sensory organs in derivatives of imaginal discs (Hinz et al., 1994) . Since proneural proteins are assumed to act as heterodimers with Daughterless, we tested the effects of Gal4-mediated expression of the latter either alone or in combination with Lethal of Scute or Scute.
Gal 4-mediated expression of daughterless rescues the phenotype associated with loss of daughterless function
The insertion daG32 was recombined onto a second chromosome carrying Df(2L)da KX136 ; an intermediate effector insertion was recombined onto other second chromosomes carrying either amorphic (da IIP106 ) or hypomorphic alleles (da KE38 ). In all three cases, the same 'blue' balancer (CyO, elav-lacZ) was used to balance the recombined chromosomes. Complete rescue of the PNS and CNS defects of these mutations was observed in both possible types of Df(2L)da KX136 heterozygotes ( Fig. 1G -J). Although no specific staining was used to assess other phenotypic traits of the da phenotype (Caudy et al., 1988b) , using Nomarski optics no obvious defects were distinguishable in either the somatic musculature or the midgut. However, there is 22C10 expression in the salivary glands (see below) and, although phenotypically wildtype (Fig. 1I,J) , these embryos did not hatch from the egg case.
Overexpression of daughterless leads to ectopic expression of neural markers
Gal4 mediated expression of daughterless effectors alone under the control of daG32 causes fully penetrant embryonic lethality (Fig. 3) . Staining with MAb22C10 or MAb44C11 shows extensive neural defects. CNS condensation is defective and the ventral cord is frequently fragmented. However, no obvious defects were observed in the pattern of neuroblasts using a number of markers (e.g. asense, achaete, snail, scratch, not shown). About 10% of all the embryos show strong defects in the commissures, which are frequently fused, and in the connectives, which are fragmented (not shown). The number of sensory cells is not increased relative to the wildtype; however, the pattern of these cells is highly abnormal (Fig. 3A-C) . A large number of 22C10-positive cells can be detected surrounding midgut and hindgut, in positions in which derivatives of the visceral mesoderm are normally present, and in the salivary glands; a few 22C10-positive cells are present in the territory of the amnioserosa. When two strong daughterless effector insertions, recombined onto the same chromosome, are used, the phenotype becomes fully penetrant and is much stronger than that just described. The embryos exhibit incomplete germ band retraction, head involution and dorsal closure, and defects in connectives and commissures are more frequent. No defects in the pattern of neuroblasts were observed in these embryos either (not shown). In addition to these defects, a large number of 22C10-positive cells are found in midgut and amnioserosa ( Fig. 3D-F) . Indeed, such cells occupy the entire amnioserosa, the morphology of which is strongly modified, and this apparently prevents the tissue from becoming internalized at dorsal closure. Thus, while fully differentiated, these embryos show conspicuous holes in the dorsal half of the epidermis, as seen in cuticle preparations (not shown). Amnioserosa cells exhibit neuronal morphology and develop long processes which ramify profusely in the neighborhood of the cell bodies; some amnioserosa cells are positive for the neuronal-specific antigen MAb44C11 (see Fig. 4D ). Several 44C11-positive cells are also present subjacent to the hindgut epithelium (see Fig.  4D ) and a few are seen within the developing somatic mus- A phenotype similar to that caused by daughterless effectors is observed following coexpression of moderately strong lethal of scute and daughterless effectors under the control of daG32. Use of the weaker activator line daG17 causes weaker effects: the germ band retracts almost completely, the cells of the amnioserosa are successfully internalized, and there are fewer 22C10-positive cells in midgut and salivary glands. However, several amnioserosa cells still express the 22C10 and 44C11 antigens.
Simultaneous expression of daughterless and lethal of scute confers neurogenic capabilities on cells of the proctodeal anlage
Single cells from any ectodermal region of the stage 7 embryos, except the proctodeal anlage, can take on neural fate upon transplantation into the ventral neuroectoderm (Stüttem and Campos-Ortega, 1991) . To test whether Gal4-driven expression of daughterless and/or lethal of scute modifies their differentiation potential, we transplanted single proctodeal anlage cells from stage 7 embryos which expressed either two copies of daughterless, or two copies of lethal of scute, or one copy of both genes simultaneously, driven by Gal4, into the ventral neuroectoderm of wildtype embryos. Cells to be transplanted were labelled prior to cell formation by injection of HRP-fluorescein into stage 5 embryos (Technau, 1986) .
In the wild-type, proctodeal anlage cells are apparently committed to their proctodeal fate (Stüttem and CamposOrtega, 1991) . Progeny of proctodeal anlage cells transplanted from wildtype donor embryos developed into hollow vesicular structures composed of 6-8 cells, located either subepidermally or among the yolk grains in the midgut, which were interpreted as ectopically developing hindgut epithelium. A few neural and epidermal cell clones were also found. Since the frequency of appearance of such clones was very low, they most probably developed from cells removed from the neighboring anlage of abdominal segments of the donor embryos, rather than from prospective proctodeal cells. 
UASda52.2, UAS-l'scW3h/ + ; daG32/ + ). Notice the large number of sensory neurons (arrows in G), comparable to that of the Notch embryo shown in (E). Neural hyperplasia is detectable also in the procephalic and ventral cord regions (arrows in H). (I,J) Two different planes of focus of a Notch embryo expressing lethal of scute and daughterless (N 55e11 /Y; UAS-da52.2, UAS-l'scW3h/ + ; daG32/ + ). Neuralization affects virtually the entire ectoderm. Compare to (E,F).
Cells of the proctodeal anlage from embryos that ubiquitously expressed either daughterless or lethal of scute behaved like cells from wildtype donors (Table 1) . Following transplantation into the ventral neuroectoderm, individual cells gave rise to vesicular clones in 86 and 87% of the cases, respectively. A few neural and epidermal clones were also found, which again are most probably derived from cells of abdominal segment anlagen. However, after simultaneous expression of lethal of scute and daughterless, proctodeal anlage cells were found to behave like cells of the wildtype neuroectoderm. Forty-six percent of the clones were neural, 38% epidermal and the remaining 15% mixed, comprising both neural and epidermal cells.
Weakening of lateral inhibition increases the proneural capacities of daughterless and lethal of scute
The failure to induce the development of additional neuroblasts or SMCs in the neuroectoderm and epidermis following Gal4-mediated expression of daughterless and lethal of scute can be explained as an effect of lateral inhibition (Hinz et al., 1994) . To test this hypothesis, we examined the results of weakening lateral inhibition by removing wildtype copies of some of the neurogenic genes.
When the number of wildtype copies of either Notch or E(spl)-C is reduced in embryos subjected to Gal4-mediated activation of daughterless and lethal of scute, similar neural hyperplasic defects are observed in both cases (Fig. 4E-J) . In embryos expressing daughterless and lethal of scute driven by daG32 and heterozygous for either N 55e11 or E(spl) Rb32.2 , which removes the whole E(spl)-C , the number of 22C10-and 44C11-positive cells within the CNS and the sensory organs is considerably increased (Fig. 4G,H) . The brain lobes are enlarged, protruding through holes in the cephalic epidermis; the ventral cord shows regional enlargement; the sensory organs contain a large number of neurons. The phenotypes observed in these heterozygotes correspond to those of embryos homozygous for weak neurogenic mutations (Fig. 4E,F) (Lehmann et al., 1983; Hartenstein and Campos-Ortega, 1986) .
The severity of the neural hyperplasia is also very much increased in the corresponding Notch hemizygotes that simultaneously express daughterless and lethal of scute. All the ectodermal derivatives, including epidermis, foreand hindgut, tracheal tree and salivary glands, appear to be completely neuralized, as judged by 44C11 staining (Fig.  4I,J) and/or cuticle preparations. These phenotypes are much more severe than those of conventional Notch hemizygotes (Fig. 4) , and as severe as those observed in embryos devoid of maternal and zygotic expression of Notch (Jiménez and Campos-Ortega, 1982) .
Constitutive activation of Notch is dominant over daughterless and lethal of scute function
To test the efficacy of lateralinhibition further, we studied the effects of overexpression of daughterless and lethal of scute in the presence of a constitutively active Notch protein (Notch INTRA ; Lieber et al., 1993; Struhl et al., 1993) . Embryos carrying Notch INTRA driven by daG32 are essentially aneural; only a few 22c10-positive cells can be detected (Fig. 5A,B) . The simultaneous expression of daughterless and lethal of scute driven by daG32 does not modify the aneural phenotype of these embryos to any significant degree (Fig. 5C,D) . Since daG32 may itself be a target for lateral inhibition, and thus inactivated by Notch INTRA , we used in situ hybridization and antibody stainings to assess the expression of daughterless and lethal of scute in these embryos and found no difference to others which do not express Notch INTRA (data not shown). All these results together suggest that the Notch-mediated inhibitory signals are dominant over the action of both endogenous and exogenously provided proneural proteins.
Discussion
Weak proneural activity of lethal of scute during embryogenesis
Following Gal4-mediated expression, lethal of scute causes only mild defects in the internal sensory organs, i.e. dislocation of chordotonal organs, as well as a slight increase in numbers of Su(H)-expressing cells. These defects are compatible with the assumption that SMCs for chordotonal organs have been induced to adopt, at least partially, the fate of external sense organs. Overexpression of cut indeed leads to this kind of transformation (Blochinger et al., 1991) . On the basis of indirect evidence, have proposed that the AS-C activates cut, which promotes external sense organ rather than chordotonal organ development (Bodmer et al., 1987) . The effect of ectopically expressing lethal of scute strongly endorses this hypothesis: more cut-expressing cells are found than in the wildtype, and some of these can be identified as forming part of organized chordotonal organs. It is indeed surprising that overexpressed lethal of scute can promote features of external sensory organ development, since the gene is normally dispensable for these processes (Garcia-Bellido and Santamaria, 1978; DamblyChaudière and Ghysen, 1987) . However, following Gal4-mediated overexpression, lethal of scute can in fact substitute for functions normally exerted by achaete and scute at specifying SMCs (Hinz et al., 1994) . Therefore, the present results emphasize once more the high degree of functional redundancy that proneural proteins exhibit.
However, in these embryos neither supernumerary neuroblasts nor supernumerary SMCs were found, although the transgenic lethal of scute variants were efficiently expressed, as they considerably attenuated the defects caused by deletion of the entire AS-C. This failure to induce extra neural progenitors is surprising, for, using the same effector lines, UAS-lethal of scute variants can induce ectopic development of abundant SMCs in imaginal discs (Hinz et al., 1994) . As discussed below we regard this failure to induce neuroblasts and SMCs as being due to the efficiency of lateral inhibition.
The present results are apparently at odds with the previously reported observation that increasing the number of wildtype copies of the AS-C genes causes weak neurogenic phenotypes (Jiménez and Campos-Ortega, 1990 ). However, in that study embryos carried at least two copies of either achaete, scute and lethal of scute, or even of the entire AS-C, under the control of their natural promoters; in other cases vnd (White, 1980; White et al., 1983; Jiménez et al., 1995) , which has been shown to have a proneural function (Jiménez and Campos-Ortega, 1990 ) and to regulate AS-C genes (Skeath et al., 1994) , was present as well. In our study, a maximum of two exogenous copies of lethal of scute were present in the same embryo. This is apparently insufficient to overcome lateral inhibition and/or elicit ectopic neural development, even though one copy of this gene driven by Gal4 is capable of partially compensating for the lack of the entire AS-C.
Strong proneural activity of daughterless
In contrast to lethal of scute, Gal4-mediated daughterless expression causes occasional development of ectopic neural cells in both the amnioserosa and the hindgut region, particularly at the tips of the Malpighian tubules. Concomitant expression of daughterless and lethal of scute potentiates this effect. Moreover, only the simultaneous expression of both genes confers on proctodeal cells the ability to adopt a neural fate following transplantation into the neuroectoderm.
A similar situation is found in the frog Xenopus with respect to the XASH genes, i.e. homologs of the AS-C genes. Following mRNA injections, Ferreiro et al. (1994) observed weak proneural capabilities for both XASH-1 (Fer- reiro XASH-3 (Zimmerman et al., 1993) , which activated neural genes in ectodermal caps only transiently; these abilities, however, are considerably reinforced if mRNA encoding the ubiquitously expressed bHLH protein, XE12, is injected together with XASH RNA (Ferreiro et al., 1994) . However, the proneural abilities of these Xenopus proteins appear to be restricted to the ectoderm, including the neural plate in the case of XASH-3, and the neural plate and the ventral epidermis in the case of NeuroD (Lee et al., 1995; Chitnis and Kintner, 1996) , another proneural bHLH protein acting chiefly on neural differentiation (Lee et al., 1995) .
During Drosophila wildtype development, loss of daughterless function does not affect the early steps in the development of neural progenitor cells; its activity follows that of the genes of the AS-C. Therefore, it has been proposed that daughterless does not behave like a proneural gene (Vaessin et al., 1994) . And yet, in our experimental conditions in the embryo, daughterless appears to have stronger proneural potential on its own than does lethal of scute. We conclude that, in the Gal4 paradigm at least, lethal of scute requires daughterless to realize its proneural capability; each gene enhances the proneural action of the other.
Lateral inhibition prevents ectodermal neuralization
The efficacy of lateral inhibition is apparently such that it can prevent the appearance of supernumerary neuroblasts and SMCs in the embryo. Thus, when lateral inhibition is weakened, as in animals heterozygous for deletions of either Notch or the E(spl)-C, conspicuous neural hyperplasia is found in embryos overexpressing lethal of scute and daughterless; under these circumstances very strong enhancement is observed of the neurogenic phenotype associated with partial loss of the Notch function. The close proximity of proneural clusters in the embryo RuizGómez and Ghysen, 1993; Skeath et al., 1994) apparently allows inhibitory signals to be received and processed by all cells in neuroectoderm and epidermis, even in the presence of an excess of proneural proteins. In the imaginal discs, the much larger spacing between proneural clusters permits some epidermal cells to form new proneural clusters, from which new SMCs can emerge (Hinz et al., 1994) . For example, there are regions in the imaginal epidermis in which the activity of Notch is dispensable; accordingly, in these regions Notch − ; cells can take on epidermal fates (Simpson, 1990 ). However, no such regions appear to exist in the neuroectoderm or in the embryonic epidermis, which can be neuralized completely as a consequence of impairment of lateral inhibition (Campos-Ortega and Haenlin, 1992) . The midgut and the visceral musculature of embryos that overexpress daughterless and lethal of scute contain a large number of 22C10-positive cells. However, these cells do not express the neuronal-specific 44C11 antigen, and do not show neural morphology. The neurogenic genes are known to be required for normal midgut development, where they apparently mediate lateral inhibitory signals (Hartenstein et al., 1992 ). It appears that midgut cells in embryos that overexpress proneural genes succeed in performing only part of a neural differentiation program. There is no compelling explanation for the observation that the amnioserosa is the only organ in which abundant ectopic neural development occurs under our experimental conditions. However, a remarkable observation in this respect is that Notch transcripts cannot be detected in the amnioserosa of the wild-type or of the experimental embryos (not shown), although Notch has been claimed to be expressed ubiquitously in the embryo (Hartley et al., 1987; Johansen et al., 1989; Kidd et al., 1989) . This suggests that the absence of Notch expression may be causally related to the neuralization of all the amnioserosa cells observed in the embryos under study. Ubiquitous expression of Notch INTRA prevents the development of nerve cells in the entire embryo. To what extent the lack of Notch expression in the amnioserosa is causally related to the appearance of ectopic neural cells following induction of proneural gene expression remains an open question.
The effects of loss and gain of lethal of scute function during development of the somatic musculature are similar to those described here for the neuroectoderm . In analogy to the neuroectoderm, lethal of scute is expressed in mesodermal cell clusters and participates in the specification of muscle precursor cells; deletion leads to significant deficits in the complement of muscles. However, Gal4-mediated expression of lethal of scute in the mesoderm only rarely causes the appearance of additional muscle progenitor cells and muscle duplications. Again in this case, lateral inhibition effectively prevents the induction of additional muscle progenitor cells in competent territories .
Materials and methods
Drosophila stocks
The following mutant strains were used: Df (1) We used most frequently a third chromosomal daughterless-Gal4 activator (daG32); occasionally, the second chromosomal daG17 activator, with weaker expression, was used. Other activators were sca-G537.4, an enhancer trap insertion in scabrous (Hinz et al., 1994) , which mediates expression in proneural clusters in the imaginal discs, as well as in the neuroectoderm (Mlodzik et al., 1991) , insertions of Krüppel (Kr)-Gal4 constructs (kindly provided by Maria Leptin), and an insertion of a rhomboid (rho)-Gal4 construct (kindly provided by Ron Pack and Michael Levine). The rho-Gal4 construct lacks the normally occurring binding site for Snail and, consequently, Gal4 is expressed in both the rho expression domain and in the mesodermal anlage (Ip et al., 1992) . The activator insertions were recombined into the same chromosomes as the various mutations tested. Effector lines carried insertions in either the second or the third chromosome. We used the same UAS-lethal of scute variants described in Hinz et al. (1994) . In addition, we used several UAS-daughterless and a UAS-Notch intra (kindly provided by Laurent Seugnet, Marc Haenlin and Pat Simpson, Strasbourg) effector. In order to minimize positional effects, three or more independent insertions of effector constructs were used.
Plasmid constructions and germ line transformation
Construction of UAS-lethal of scute variants (pUL'SC) is described in Hinz et al. (1994) . DNA injection of w 1118 embryos (Lindsley and Zimm, 1992) was performed as described (Rubin and Spradling, 1982) . To construct pUDA, a 2.5 kb BglII fragment from pBS-da1DBam (kindly provided by H. Vaessin, M. Brand and Y.N. Jan), comprising the daughterless coding region, was ligated into pUAST (Brand and Perrimon, 1993) opened with BglII. As the source of transposase pPD2-3 (Laski et al., 1986) was used.
Other techniques
Cell transplantations were done according to Technau (1986) . Antibody stainings, i.e. MAb22C10 (Fujita et al., 1982) , MAb44C11 (Bier et al., 1988) , anti-cut (Blochinger et al., 1991) , anti-Su(H) (Gho et al., 1996) , wholemount digoxigenin in situ hybridization, and cuticle preparations of embryos and larvae were performed according to standard protocols; staging of embryos was following CamposOrtega and Hartenstein (1985) .
